There is a consensus in the literature that the autonomic dysfunction in arterial hypertension involves the increase of sympathetic activity and, also, reduction of vagal tone. In the last years, the role played by inflammation in the development of hypertension and target organs injuries, such as heart and blood vessels, has been emphasized. Although the clinical importance of sympathetic hyperactivity and its treatment of arterial hypertension is recognized, the therapeutic benefit of increasing parasympathetic activity in hypertensive patients still requires an in-depth investigation. The increased vagal activity may produce beneficial effects on cardiovascular modulation and inflammation, preventing target organ damage. Parasympathetic neurotransmission can be improved by the inhibition of acetylcholinesterase action. Anticholinesterase agents prevent the hydrolysis of acetylcholine by acetylcholinesterase, prolonging its availability within the cholinergic cleft. This article will highlight the key concepts of the cardiac autonomic imbalance and the increase of acetylcholine availability under inflammation and control of arterial hypertension. In conclusion, significant evidence exists associating the reduction of parasympathetic activity and the occurrence of inflammation involving the pathophysiology of hypertension; suggesting that the improvement of vagal activity by the increased availability of acetylcholine has a remarkable potential for the therapeutic intervention on arterial hypertension.
Introduction
A recent American Heart Association report shows that approximately 86 million of US adults exhibit arterial hypertension 1 . Globally, the rate of elevated systolic blood pressure (BP) increased substantially between 1990 and 2015 2 . A rise in arterial pressure associated with weight gain, lifestyle factors, reduced physical activity, or advancing age with a strong family history of hypertension would suggest the diagnosis of primary (essential) hypertension 3 . On the other hand, secondary hypertension is elevated BP that results from an underlying, identifiable, often correctable cause 4 . Arterial hypertension produces functional and structural abnormalities in target organs, such as the heart, kidneys, brain and blood vessels, and correlates positively with the risk of occurrence of adverse cardiovascular events leading to death 1 . Hypertension maintains an independent association with events such as sudden death, stroke, acute myocardial infarction, heart failure, peripheral arterial disease, and chronic, fatal and nonfatal renal disease 3 . Although hypertension can be treated, 8 to 17% of the 900 million people with hypertension worldwide are resistant to treatment 2, 3 . Therefore, there is still a need for the determination of an effective treatment to control the BP of these patients. sympathetic activation, which is accompanied by an inhibition of parasympathetic activity [6] [7] [8] . Data collected from experimental animals and humans support the hypothesis that sympathetic neural mechanisms are involved in the development, maintenance and progression of arterial hypertension 9 . The evaluation of sympathetic cardiovascular activity in humans has shown that the increase of sympathetic activity occurs in hypertensive patients, and that the magnitude of this elevation is proportional to the severity of the arterial hypertension 6 . In addition, when the hypertensive state is associated with the presence of target organ damage, the magnitude of sympathetic activation appears to be potentiated 10, 11 . Patients with arterial hypertension have plasma levels of noradrenaline 25-30% higher than normal individuals with the same age 6 . These patients also have elevated heart rate (HR) and increased peripheral resistance 6, 12 , which also reflect increased sympathetic activity 13 . Clinical evidence has also shown that sympathetic hyperactivity is related to target organ damage in arterial hypertension, including cardiac hypertrophy, left ventricular diastolic dysfunction, heart failure, as well as structural and functional abnormalities, frequently detected in large, medium and small arteries 9 . However, elevated HR values are not only determined by the sympathetic hyperactivity, but is also influenced by the reduced parasympathetic activity 13 . Reduction of the vagal tone is associated with increased risk of cardiovascular disease 14 . The high frequency of the HR oscillatory component is reduced in hypertensive patients, indicating a deficient cardiac parasympathetic modulation 14 . Reduction of baroreflex responses mediated by the vagus nerve 15, 16 , and attenuation of HR recovery after physical exercise in hypertensive patients are also observed, indicating a reduction of the parasympathetic control of the HR 7 . Hence, there is a consensus in the literature that the autonomic dysfunction in arterial hypertension, in humans and experimental animals, involves the increase of sympathetic activity, but also the reduction of the vagal tone [6] [7] [8] . Although the clinical importance of sympathetic hyperactivity and its management in arterial hypertension is well recognized, the therapeutic benefit of increasing parasympathetic activity in hypertensive patients remains to be in-depth investigated. The increase in parasympathetic activity may produce beneficial effects on autonomic cardiovascular control, inflammation, and prevention of target organ damage 17 .
In the last years, the role played by inflammation in the development of arterial hypertension and target organs injury has gained remarkable importance [18] [19] [20] . Clinical evidence has shown that arterial hypertension is associated with increased plasma concentrations of inflammatory mediators combined with vascular inflammation 18, 20 . Hypertensive patients show increased levels of circulating monocytes, lymphocytes and proinflammatory cytokines, such as tumor necrosis factor α (TNF-α), interleukin (IL) 6 and C-reactive protein [21] [22] [23] . Vascular inflammation is characterized by an accumulation of immune cells such as macrophages, monocytes, dendritic cells, B and T lymphocytes; moreover, increased expression of proinflammatory cytokines and cell adhesion molecules in different layers of the vascular wall of patients or hypertensive rodents have been described as well 19 . These factors induce extracellular matrix deposition, smooth muscle hypertrophy, and endothelial dysfunction, contributing to the development and maintenance of arterial hypertension 24 . Furthermore, activation of the immune system also increases the sympathetic activity and promotes renal damage 25 . In rats, the intracerebroventricular infusion of IL-1β, a proinflammatory cytokine, activated the sympathetic nervous system and increased BP 26, 27 . Besides, interferon-γ and IL-1 seems to be critical for the development of renal injury in experimental hypertension induced by angiotensin II in mice 25, 28 . It has also been reported the involvement of TNF-α in sodium and water retention in the development of hypertension induced by angiotensin II infusion 29, 30 . In Dahl salt-sensitive rats, IL-6 has been associated with renal inflammation and injury 31 . Of note, a balance between pro and anti-inflammatory factors may determine the degree of inflammation. In this regard, added to the activation of proinflammatory factors, the deficit in anti-inflammatory mechanisms has been described in experimental models of hypertension 25, 32, 33 . Regulatory T lymphocytes suppress the immune response, inhibiting the proinflammatory effects of other lymphocytes, macrophages, dendritic cells and neutrophils 25 . The action of the regulatory T lymphocytes can be mediated by the production of anti-inflammatory cytokines, such as IL-10 and transforming growth factor β (TGF-β) 25, 32 . Dahl salt-sensitive hypertensive rats exhibit dysfunctional regulatory T lymphocytes in their vascular beds, producing low levels of immune suppressive mediators TGF-β and IL-10, increasing the inflammatory response 32 . Administration of adoptive regulatory T lymphocytes prevented BP elevation, vascular oxidative stress, vascular inflammation, endothelial dysfunction, and cardiac hypertrophy produced by the administration of angiotensin II in mice 33, 34 . Collectively, these observations indicate that inflammation contributes to the pathophysiology of hypertension, eliciting the impairment of natriuresis, dysfunctional vascular relaxation, and overactivity of the sympathetic nervous system. Hence, the immune system can be a new target for the treatment of arterial hypertension.
Parasympathetic Activity Improvement in Arterial Hypertension
In the last decade, the role played by the vagus nerve as a modulator of the immune response has gained paramount attention 35, 36 . The inflammatory reflex is a neural circuit, with afferent and efferent pathways, organized in a reflexive manner to regulate immune responses and inflammation 35, 37 . The activity of the afferent (sensory) arm is modulated by cytokines or other inflammatory endsproducts present in the tissues 37 . The afferent information is carried to the brainstem nuclei that control the efferent neural signals 38 . The efferent arm of the inflammatory reflex is called "the cholinergic anti-inflammatory pathway"
.
The efferent vagus nerve fibers provide a conduit of brainto-immune communication for controlling TNF and other pro-inflammatory cytokine production through the release of acetylcholine 35, 38 . The cytokine expression is inhibited by molecular mechanisms that require the transduction of the signal via alpha 7 nicotinic acetylcholine receptor (α7nAChR) expressed on macrophages, dendritic cells and other immune cells 35, 36, 38 . Therefore, acetylcholine attenuates the tissue inflammation by reducing the release of proinflammatory cytokines. Electrical vagus nerve stimulation suppressed hepatic, cardiac and circulating TNF levels, while vagotomy abolished these effects during endotoxemia in mice 38, 39 . In addition, animals with deficient vagal activity or α-7nAChR expression are more susceptible to inflammatory changes due to high production of cytokines 38 . Clinical studies demonstrated that when the parasympathetic activity is attenuated, the inflammation is more pronounced 40 . Vagus nerve stimulation inhibited the release of cytokines and promoted considerable protection to tissue injury in experimental models of arthritis, sepsis, and ischemia-reperfusion 36, 39 . However, there are few data showing beneficial effects of increased parasympathetic activity in arterial hypertension. Reduction of vagal tone, assessed by the HR response to atropine administration, is associated with the deficiency in α-7nAChR expression and acetylcholine vesicle transporter in the heart, kidneys, and aorta of spontaneously hypertensive rats (SHR) 17 . Furthermore, the treatment of SHR with an α-7nAChR agonist reduced the tissue levels of proinflammatory cytokines and prevented the target organ damage, in the heart, kidneys, and aorta 17 . The stimulation of neurons residing in the dorsal vagal motor nucleus reduced the SHR's arterial pressure 41 . Other approaches used to increase vagal modulation in hypertension, such as baroreflex activation therapy, renal sympathetic denervation, and direct vagal nerve stimulation, also produced beneficial effects for this pathological condition 42 . Despite the positive results, all of these methods are invasive, while the pharmacological approaches have the advantage of being noninvasive.
The increase of parasympathetic activity can be obtained by acetylcholinesterase inhibition. The parasympathetic efferent control is mediated by acetylcholine, whereas the acetylcholinesterase blockade increases the availability of acetylcholine in the synaptic cleft, increasing vagal activity 43 . Anticholinesterase agents such as donepezil and pyridostigmine have been used in experimental designs to increase parasympathetic function 44 . Previous studies conducted in our laboratory demonstrated that chronic treatment with pyridostigmine preserved the cardiac autonomic balance in heart failure rats, increasing the parasympathetic and reducing the cardiac sympathetic tone 45 . Chronic treatment with pyridostigmine also prevented cardiac remodeling, improved cardiac function and attenuated the heart failure progression in rats 45 . Pyridostigmine is hydrosoluble, and due to its quaternary ammonium structure does not cross the blood-brain barrier, preventing its action upon the central nervous system 43 . Therefore, the pyridostigmine effect is expressed only peripherally 43 . On the other hand, donepezil is an anticholinesterase agent that crosses the blood-brain barrier and has a high degree of selectivity for acetylcholinesterase 46 . Donepezil has a long half-life and is used in the Alzheimer's disease treatment 46, 47 . In heart failure rats, donepezil increased cardiac parasympathetic modulation, preventing sympathetic activation and cardiac remodeling 44 . Patients with Alzheimer's disease that were treated for 1-month with donepezil showed reduced levels of oncostatin M, 6 and 1 in the peripheral blood mononuclear cells, suggesting a possible anti-inflammatory effect of this centrally acting anti-acetylcholinesterase agent 47 . Antiinflammatory effects of donepezil were also observed in apolipoprotein E-knockout mice that showed suppressed expression of monocyte chemoattractant protein-1 and TNF-α in the aorta 48 . Our group demonstrated that longterm (16 weeks) administration of donepezil, in SHR, attenuated the development of hypertension, improved the cardiovascular autonomic modulation, reduced the plasma proinflammatory cytokine levels (TNF-α, IL-6, and IFN-γ) and prevented the cardiac remodeling 49 . However, pyridostigmine, an anti-acetylcholinesterase agent that does not cross the blood-brain barrier, despite its positive effect on cardiac vagal tone, was unable to reduce the high blood pressure and plasma cytokine levels in hypertensive rats 49 . These results indicate that the antihypertensive effect produced by donepezil probably involves an antiinflammatory effect. Cytokines produced peripherally and also in the brain contribute to the pathophysiology in arterial hypertension 18 . Shi et al 50 demonstrated that intracerebroventricular infusion of minocycline, a broadspectrum antibiotic from the tetracycline family, decreased the expression of proinflammatory cytokines in the paraventricular nucleus, and reduced the BP in hypertensive rats. Hence, these data suggest that the increased availability of acetylcholine, induced by donepezil administration, may produce anti-inflammatory effects in essential areas of the central nervous system for controlling the BP, producing its antihypertensive effects. Taken together, these data provide evidence that the blockade of acetylcholinesterase within the central nervous system may be a potential target for the treatment of arterial hypertension.
Conclusions and Future Directions
In conclusion, there is significant evidence associating the reduction of parasympathetic activity as well as inflammation in the assessment of the pathophysiology of arterial hypertension; this evidence suggests that the improvement of vagal function by the increased availability of acetylcholine has a substantial potential for the therapeutic interventions in arterial hypertension.
